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Abstract 
 
Offshore Wind Power is boosting as one of the most attractive and effective ways to 
supply energy to our homes. The technology employed in this kind of renewable energy is 
still in expansion process and offers plenty of opportunities in the ambit of research to 
maximize its potential. 
The objectives of this project are to submerge into offshore wind power systems and to 
provide a bridge to cross to the professional ambit. With this aim the VSC-HVDC technology 
is explained and one of its most important components has been extendedly explained, the 
VSC. This device has been modeled and simulated by means of Matlab Simulink to obtain a 
realistic response. 
The reader also will find out the main advantages and requirements for a VSC and the 
control methodology employed to be achieved, as well as the tests realized to prove them. 
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 Acronyms 
 
AC  Alternating current 
CSC  Current-sourced converter 
DC  Direct current 
FSPC  Full-scale power converter 
HVAC  High-voltage AC 
HVDC  High-voltage DC 
IGBT  Insulated-gate bipolar transistor 
IGCT  Integrated gate-commutated thyristor 
LVAC  Low-voltage AC 
LVDC  Low-voltage DC 
MVAC  Medium-voltage AC 
MVDC  Medium-voltage DC 
NPC  Neutral-point clamped 
PCC  Point of common coupling 
PI  Proportional-integral 
PLL  Phase-locked loop 
PMSG  Permanent-magnet synchronous generator 
PWM  Pulse-width modulation 
pu  Per-unit 
VCO  Voltage-controlled oscillator 
VSC  Voltage-sourced converter 
WPP  Wind-power plant 
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1. Introduction 
 
1.1. Background 
Wind power generation is still a brand new technology in an evolving phase, and 
although in the last twenty years it has experienced a high-rated increase, attracting $100 
billion in investment in 2014 [1];  there is still a lot of margin to improve. The aim of the EU’s 
Renewable Energy Directive published in 2009 is to satisfy the 20% of energy demand in EU 
by means of renewable energy by 2020 [2]. The European Wind Energy Association’s 
(EWEA) intention is that 15.7% of the total demand to be satisfied by wind power industry [3]. 
Actually the vast majority of the installations for wind power generation are on land, known in 
technical literature as onshore. However, in the last decade the development of Wind Power 
Plants (WPP) at the sea, also referred to as offshore, increased. 
Offshore winds tend to blow harder and more uniformly than on land. The potential 
energy produced from wind is directly proportional to the cube of the wind speed. As a result, 
increased wind speeds of only a few kilometers per hour can produce a significantly larger 
amount of electricity [4]. 
By July 2015, total installed offshore wind capacity in Europe hit 10,393.6 MW in 82 wind 
farms across 11 countries [5], but the objective is to reach 40,000 MW on 2020 [3]. 
Voltage source converter (VSC) based High Voltage Direct Current (VSC-HVDC) is the 
newest transmission technology adopted for connecting distant offshore WPP which need 
long distance cable connection. VSC-HVDC connection is expected to enhance the 
integration of the WPP in the power system grid. Moreover, the use of power electronic 
converters in wind turbine generators, increases their own controllability and flexibility [6]. 
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1.2. Motivation and Objectives 
The recent increase in the utilization of renewable energies, and concretely in the wind 
power, has been accompanied by a large variety of technical bibliography for industrial 
applications. The offshore wind power technology is actually well documented, and some of 
the newest strategies such as VSC-based HVDC transmission have been widely studied by 
experts of all-over the world. 
The aim of this thesis is not to provide a deep dissertation about the state-of-the-art or to 
contribute to the current bibliography with a new proposal for a determined application; it is 
about to submerge into a complex but young technology that is still growing, which could 
provide a solution to one of the challenges of the near future, such as energy sustainability. 
In fact, the main objective is to approach the reader to the actual and near future operation of 
the wind power industry; by focusing on the most popular technology employed, the 
abovementioned VSC-based HVDC transmission for offshore WPP. Since this is an 
extended concept, one of the most representative systems has been selected to analyze: the 
VSC. 
By means of an accurate analysis of the VSC an important part of the entire wind power 
system can be understood. The analysis is based on the combination of some engineering 
disciplines such as electrotechnology, electronics and automatic control. 
 
1.3. Project outline 
The project is structured to integrate all the concepts about offshore WPP and more 
specifically the VSC used for HVDC transmission in a convenient order  
Chapter 2 presents the offshore wind power generation, collection and transmission. It 
contains an overview of the scheme used to the supply this energy from the primary source 
to the public grid. It also explains the internal operation of the system and includes the main 
requirements to accomplish. 
Chapter 3 illustrates the internal structure of a voltage-sourced converter and offers a 
wide explanation about its operation. The averaged model of the VSC dynamics is also 
developed in this chapter. 
Chapter 4 provides the reference frame theory used for the control of the VSC. 
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Chapter 5 contains the complete modeling of a VSC in Matlab Simulink. The control 
methodology employed and its implementation are described; as well as the dynamic 
response and the frequency response of the system, which are obtained from the simulation 
of the modeled VSC. 
Finally, Chapter 6 presents the conclusions extracted during the realization of the project 
and an appreciation of the work. 
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2. Offshore Wind Power generation, 
collection and transmission 
 
Offshore wind power plants (WPP) are defined as wind farms of electrical generation 
located in bodies of water, distant to shore. The offshore wind power scheme can be divided 
in three subsystems: generation, collection and transmission. The whole system 
implemented inside the wind turbine is considered as generation, and comprises the 
generator, usually a full-scale power converter (FSPC) and a step-up transformer. It 
comprises the low voltage sector. The collection is defined as the section from the output of 
the wind turbines which is collected by a sort of cables and carried to an AC-bus. It is the 
medium voltage section. Finally, the transmission is defined as the circuit from the offshore 
converter station, where the alternating current (AC) is transformed to direct current (DC) and 
carried along HVDC cables to the onshore station, which is transformed again to AC and 
supplied to the grid. It represents the high voltage part.  Each of those subsystems will be 
detailed in the present chapter. The structure of the system is illustrated by Figure 2.1. 
 
FIGURE 2.1   HVDC-connected Wind Power system [7].  
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2.1. Wind Turbine Generator 
A wind turbine generator comprises of a wind turbine for harnessing the kinetic energy of 
the wind into the mechanical energy of the rotating shaft which drives an electrical generator. 
Actually, wind turbine generators are of the order of 2 – 6 MW, although units of 10 MW sizes 
are already under development [8]. The most used is the three-blade, upwind horizontal axis 
wind turbine [9]. It consists of three blades connected to a central hub assembly mounted on 
the top of a high tower, which is typically 70 – 100 m height, but this height is intended to be 
even greater to profit the better wind conditions at higher altitudes. The blades lengths are 
actually around 60m, but in some wind farms blades of 80m are already in service [10]. The 
drive train and the generator are usually located in the nacelle on the tower, but the converter 
and the transformer can be also placed there. A gear box assembly may be used to allow a 
smaller generator to rotate at a sufficiently high speed for electrical power generation. The 
converter is used to condition the power generated and supplied to the grid. It is one of the 
most complex and important parts of the entire system, and the main component studied in 
this thesis. The step-up transformer increases the voltage (LVAC) to the collection grid 
voltage (MVAC). A typical wind turbine generator is represented in Figure 2.2. 
 
FIGURE 2.2   Wind turbine generator [11]. 
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2.1.1. Type D: Variable Speed with Full-Scale Power Converter 
The most recent wind turbines implemented to offshore WPP are Type D. In this kind of 
wind turbine, the electrical generator is connected to the offshore grid through a back-to-back 
converter system with a common DC-link. This converter is rated to the full power of the wind 
turbine and hence it is also known as full scale power converter (FSPC). The FSPC 
decouples the generation system from the grid [12]. Since the generator frequency is not 
dependent on the grid frequency, synchronous generators can be implemented. The most 
used are permanent magnet synchronous generators (PMSGs) [13]. Synchronous 
generators can be designed with multiple pole pairs, which in conjunction with frequency 
decoupling allow the wind turbine to operate low speeds, and hence, the gear-box can be 
avoided. Such a drive system is referred to as direct drive. However, the diameter of the 
generator tends to be very large for high power ratings and low speed operations. In order to 
reduce the size of the generator, a single stage gear-box may be used. 
For their features, actually Type D are already the most used wind turbines in offshore 
WPP. 
 
2.2. Collection Grid 
The collection grid is the common network in which the wind turbines supply their 
generated power. Depending on the distribution of the wind turbines, the efficiency of the grid 
and the length of the cables may vary. There are several standard configurations to apply to 
WPP [14]. Usually the topology employed is radial, consisting in an AC-bus connected to 
several feeders; one three-phase cable per feeder, each of those composed by a set of wind 
turbines, as illustrated by Fig. 2.3. This configuration is chosen in order to minimize the total 
cable length, which results to fewer power losses. However, in this distribution the cables 
transmit more or less power depending on their location. Considering for the scheme of Fig. 
2.3 that each wind turbine supplies 5MW, the cable between WT6 and WT5 must have a 
nominal rating of 5MW, the cable between WT5 and WT4 of 10MW, etc. and finally the cable 
from WT1 to the collection bus must have a rating of 30MW. The AC-bus carries the power 
towards an AC-transformer that turns the voltage from MVAC to the transmission voltage 
(HVAC).  
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FIGURE 2.3   Radial topology of the grid collection of a wind power plant [15]. 
 
2.3. Wind Power Transmission 
In offshore WPP, the power transmission to the onshore grid can be realized by some 
techniques, from which the most remarkable are the High Voltage Alternating Current (HVAC) 
transmission, and the High Voltage Direct Current (HVDC) transmission.  
The HVAC transmission is used for the WPP that are close to shore, of about a few tens 
of kilometers. For these short distances the power loss is lower for AC than for DC. In 
contrast, long distance HVAC cable transmission suffers from the excessive reactive current 
drawn by the cable capacitance. Such a reactive generation increases the cable losses, 
reduces the power transfer capability, and requires reactive compensation to absorb the 
excessive reactive power [16]. 
The HVDC transmission is more suitable for long distances (over 100 km) of power 
transmission. The losses of the HVDC transmission line are quoted as about 3% per 1000 
km. The losses of the converter station are about 1.5% of the nominal transmission power 
[17]. Furthermore HVDC allows the entire offshore wind farm to operate at a variable 
frequency, which gives some benefit in front of an imbalance. 
Another advantage of HVDC is the possibility of stabilization decentralized electric power 
grids. Some wide spread AC power system networks operate at stability limits well below the 
thermal capacity of their transmission conductors. HVDC transmission can be used to 
transfer directly to the energy to regions where the energy is consumed. So the loading of 
the existing grids will be reduced [18]. 
Dynamic simulation of frequency response from HVDC-connected Wind Power Plants                                                         13 
 
2.3.1. VSC-based High-Voltage Direct-Current Transmission 
In an offshore WPP VSC-HVDC-connected, the offshore converter station consists in a 
Voltage-sourced converter which rectifies the AC voltages from the collection grid to get a 
DC voltage. The resulting HVDC power is transmitted along large distances of submarine 
cables toward the onshore converter station. The VSC onshore acts as an inverter and 
synchronizes to the public grid to inject the power. The VSC is widely explained in 
subsequent chapters. The HVDC transmission scheme is represented by Figure 2.4. 
 
FIGURE 2.4   VSC-based HVDC transmission scheme [18]. 
VSC-HVDC systems are more expensive to implement than other HVDC systems, such as 
LCC-HVDC; since a VSC contains insulated-gate bipolar transistors (IGBTs), but present 
some advantages [18]: 
 Provide independent control of reactive power at the shore converter station, which 
could be a great benefit to the network operator, and could allow the network 
connection point to be on a weaker section of network, closer to the landfall. 
 Present almost no contribution to fault currents, which in many areas are a major 
limitation on the connection of new generation of any type. 
 The power flow can be realized in both directions (also possible in LCC). 
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3. Two-Level Converter 
 
In Chapter 2 power generation, collection and transmission systems of offshore WPP 
were presented. As mentioned, in offshore wind power some of the most interesting, 
complex and important electric components are the converters. In systems to connect WPP 
via HVDC there are several converters located in different positions (Fig. 3.1). 
 
FIGURE 3.1   HVDC-connected Wind Power system [7]. 
 
Specific functions of these converters vary depending on their position along the system, but 
the principal requirements are common, such as: 
 Convert AC (or DC) voltage to the grid from a DC (or AC) input. 
 Control power flow (P and Q) to the grid. 
 Comply grid codes (e.g. frequency response). 
 Permit bidirectional power-flow. 
Converters 
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The main types of converters used in HVDC-connected WPP are Two-Level, Three-
Phase, VSC; and Multi-level, Three-Phase Converters (Neutral-Point Clamped VSC (NPC) 
[19] or Modular Multilevel Converter (MMC) [20]) which are not considered in this thesis. The 
present chapter provides an explanation of the structure and principles of operation of a Two-
Level, Single-Phase Converter or simply Two-Level Converter [21], as well as its dynamic 
and steady-state responses, which will be studied as averaged model. This model will be 
extended later to the three-phase version. 
 
3.1. Structure 
The Two-Level Converter is composed by two switch cells. We refer to the upper and 
lower switch cells, respectively, as nº1 and nº4. Each one consists of an Insulated-gate 
bipolar transistor (IGBT) connected in antiparallel with a diode. This switch cell allows 
bidirectional current flow, and that is why is known as reverse-conducting switch. For ease of 
notation, we will refer to the IGBTs as Q, and to the diodes as D. The emitter of Q1, the 
collector of Q4, the anode of D1 and the cathode of D4 are connected to the same node t, 
which represents the AC-side terminal. By contrast, the collector of Q1 and the cathode of D1 
are connected to the node p; and the emitter of Q4 and the anode of D4 constitute the node n. 
Nodes p and n represent the DC-side terminals. The simplified connection of the converter is 
represented by Fig. 3.2. Hereinafter, IGBTs will be represented with the symbol . 
 
FIGURE 3.2   Simplified power circuit diagram of a Two-Level Converter [21]. 
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As Figure 3.2 shows, the converter is connected to two equivalent voltage sources at the 
nodes p and q, each of a value VDC/2. The node t is interfaced with a series RL-branch 
connected in turn to another voltage source Vs, which we will refer as the AC-side voltage 
source. The negative terminal of the AC-side voltage source is connected to the common 
point of the DC-side sources, which will be labeled as node 0. R and L are, respectively, the 
internal resistance and the inductance of the interface reactor. In each transistor the positive 
current is defined as the current flowing from the collector to the emitter. The positive current 
in the diode is defined as the current flowing from the anode to the cathode. The currents 
through the upper and lower switch cells are denoted by ip and in, respectively. Therefore,  
𝑖𝑝 =  𝑖𝑄1  −  𝑖𝐷1  and  𝑖𝑛 = −( 𝑖𝑄4  −  𝑖𝐷4) . The AC-side current is  𝑖 =  𝑖𝑝 +  𝑖𝑛 . 
 
In Figure 3.2, PDC corresponds to the (instantaneous) power at the DC-side, Pt is the 
power at the AC-side, and Ps signifies the power delivered to the AC-side voltage source. 
The positive direction of the power flow is defined from the DC-side voltage sources toward 
the AC-side voltage source. 
 
3.2. Principles of operation 
The converter operation is based on an appropriate switching of the IGBTs, which are 
controlled by their gate signals s1 and s4. These commands can assume two values: 
𝑠(𝑡) = {
1      𝑂𝑁.               𝑇ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑖𝑠𝑡𝑜𝑟 𝑖𝑠 𝑐𝑜𝑚𝑚𝑎𝑛𝑑𝑒𝑑 𝑡𝑜 𝑐𝑜𝑛𝑑𝑢𝑐𝑡.
0     𝑂𝐹𝐹.                                             𝑇ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑖𝑠𝑡𝑜𝑟 𝑖𝑠 𝑏𝑙𝑜𝑐𝑘𝑒𝑑.
 
When 𝑠1(𝑡) = 1, 𝑠4(𝑡) = 0 and vice versa, following the relation 𝑠1(𝑡) + 𝑠4(𝑡) = 1. Hence, 
the transistors are never in the state ON or OFF at the same. The converter is able to 
operate in different manners depending on the sign of AC-side current. Considering the 
converter of Fig. 3.2, for a positive AC-side current: 
If initially 𝑠1 = 0, 𝑠4 = 1: Q1 is blocked, therefore current does not flow through Q1; by 
contrast, Q4 is commanded to conduct, but it does not carry i as iQ4 cannot be negative. D1 
cannot conduct either, since the diodes only conduct from anode to cathode. Current then 
flows through D4, and 𝑉𝑡 ≈ 𝑉𝑛 ≈ −𝑉𝐷𝐶/2  . This current cannot return either through D1 
because its 𝑉𝐴𝐾 < 0 or through Q4 since its 𝑉𝐶𝐸 = 0
−. For an instant where 𝑠1 = 1, 𝑠4 = 0: 
Q1 is ON, carries i and 𝑉𝑡 ≈ 𝑉𝑝 ≈ 𝑉𝐷𝐶/2 . Q4  is blocked, D4  is reverse biased, and D1 does 
not conduct since 𝑉𝐴𝐾 = 0
−. Note that for positive current the only devices in operation are 
Q1  and D4. 
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(3.1) 
(3.2) 
(3.3) 
On the other hand, for a negative AC-side current: resulting from a similar analysis 
than for positive current, when 𝑠1 = 0, 𝑠4 = 1: Q4 is ON, carries i and 𝑉𝑡 ≈ 𝑉𝑛 ≈ −𝑉𝐷𝐶/2 . 
Q1  is blocked, D1  is reverse biased, and D4 does not conduct since 𝑉𝐴𝐾 = 0
−. For 𝑠1 = 1,
𝑠4 = 0: Q4 is blocked; Q1 is commanded to conduct, but it cannot carry i as iQ1 cannot be 
negative. D4 cannot conduct either, since 𝑉𝐴𝐾 < 0; so current flows through D1, and 𝑉𝑡 ≈
𝑉𝑝 ≈ 𝑉𝐷𝐶/2. For negative current, then, only Q4 and D1 are in service. 
An important concept can be extracted from the two foregoing analysis and it is that Vt 
depends only on the commands s1 and s4, independently of the sign of current: 
𝑉𝑡(𝑡) =
𝑉𝐷𝐶
2
[𝑠1(𝑡) − 𝑠4(𝑡)] . 
 It can also be concluded that, since 𝑖𝑝 =  𝑖𝑄1  −  𝑖𝐷1   and  𝑖𝑛 = −( 𝑖𝑄4  −  𝑖𝐷4) , the 
resulting current of each switch cell is also independent on the sign of AC-side current, and is 
determined by the commands s1 and s4 as well: 
𝑖𝑝(𝑡) = 𝑠1(𝑡) 𝑖 , 
𝑖𝑛(𝑡) = 𝑠4(𝑡) 𝑖 , 
Figures 3.3.a and 3.3.b illustrate the waveforms of the converter, following the 
simplifications below: 
 Each transistor or diode acts as a short circuit in its conduction state. 
 Each transistor or diode acts as an open circuit in its blocking state. 
 The transistors have no turn-off tailing current. 
 The diodes have no turn-off reverse recovery current. 
 Transitions from conduction state to blocking state, and vice versa, take place 
instantly. 
 The AC-side current i is a DC quantity without harmonic contents. 
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a b 
 
 
FIGURE 3.3   Converter waveforms for positive (a) and negative (b) AC-side current [21]. 
 
3.2.1. Pulse-Width Modulation 
Q1 and Q4 are turned on/off, respectively, by the commands s1 and s4. These signals are 
generated by means of a Pulse-Width Modulation (PWM) strategy. PWM can be 
implemented by different techniques [22]. The system described next is widely used; it 
consists on comparing a modulating signal with a high-frequency periodic triangular carrier 
signal. The carrier signal varies from -1 to 1 with a period Ts. As shown in Fig 3.4, when the 
modulating signal is larger than the carrier signal 𝑠1 = 1 whereas 𝑠4 = 0. By contrast, when 
the larger is the last 𝑠1 = 0 and 𝑠4 = 0. The intersections represent the switching instants. 
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The fraction of the period Ts during which 𝑠1 = 1 is known as duty ratio and is denoted by d.  
Remind that Q1 and Q4 do not necessarily conduct when they are ON. 
 
FIGURE 3.4   Pulse-Width Modulation switching strategy [21]. 
 
3.3. Averaged model 
To employ the Two-Level Converter as a component of a larger system, it is necessary 
to determine its dynamic and steady-state behavior as observed from its terminals. This can 
be realized by two types of models: the switched model and the averaged model. The 
switched (instantaneous) model [21] describes precisely the characteristics of the dynamic 
behavior. This model computes the instantaneous values of the current and voltage variables 
given the switching functions for the transistors. Therefore, the computed variables present 
high-frequency components due to the switching process, which are cumbersome to carry. 
Furthermore, for dynamic analysis and control purposes, the high-frequency values of the 
variables are usually not relevant, as compensators do not react to high-frequency 
components, and can be omitted. In these cases, the main concern is about the dynamics of 
the average values of these variables, which are provided by the averaged model. Even 
though, the principal advantage of the average model resides in the possibility to express 
directly the output Vt  as a function of the control variable, the modulating signal m. 
Considering the circuit of Figure 3.2, applying Kirchhoff’s circuit laws the following 
equation is obtained: 
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(3.4) 
(3.5) 
(3.6) 
(3.7) 
(3.8) 
(3.9) 
(3.10) 
(3.11) 
𝐿
𝑑
𝑑𝑡 
𝑖(𝑡) + 𝑅 𝑖(𝑡) = 𝑉𝑡(𝑡) − 𝑉𝑠 . 
Since 𝑉𝑡(𝑡) is a periodic function with period Ts, it can be represented by the following 
Fourier series: 
𝑉𝑡(𝑡) =
1
𝑇𝑠
∫ 𝑉𝑡(𝜏)𝑑𝜏
𝑇𝑠
0
+ ∑(𝑎ℎ cos
ℎ𝜔𝑠𝑡
𝐿
+ 𝑏ℎ sin
ℎ𝜔𝑠𝑡
𝐿
) 
∞
ℎ=1
, 
where h is the harmonic order, 𝜔𝑠 =
2𝜋
𝑇𝑠
 and 𝑎ℎ and 𝑏ℎ are: 
𝑎ℎ =
2
𝑇𝑠
∫ 𝑉𝑡(𝜏)cos(ℎ𝜔𝑠𝜏)𝑑𝜏
𝑇𝑠
0
, 
𝑏ℎ =
2
𝑇𝑠
∫ 𝑉𝑡(𝜏)sin(ℎ𝜔𝑠𝜏)𝑑𝜏
𝑇𝑠
0
. 
Substituting 𝑉𝑡(𝑡) from (3.5) in (3.4) results: 
𝐿
𝑑
𝑑𝑡 
𝑖 + 𝑅 𝑖 = (
1
𝑇𝑠
∫ 𝑉𝑡(𝜏)𝑑𝜏 − 𝑉𝑠
𝑇𝑠
0
) + ∑(𝑎ℎ cos
ℎ𝜔𝑠𝑡
𝐿
+ 𝑏ℎ sin
ℎ𝜔𝑠𝑡
𝐿
) 
∞
ℎ=1
, 
which is the equivalent to a low-pass filter. By the superposition principle, the current can be 
expressed as the summation of the DC component and the periodic component: 
𝑖(𝑡) = 𝑖(𝑡) + ?̃?(𝑡) , 
𝐿
𝑑
𝑑𝑡 
𝑖 + 𝑅 𝑖 = (
1
𝑇𝑠
∫ 𝑉𝑡(𝜏)𝑑𝜏 − 𝑉𝑠
𝑇𝑠
0
) , 
𝐿
𝑑
𝑑𝑡 
?̃? + 𝑅 ?̃? = ∑ (𝑎ℎ cos
ℎ𝜔𝑠𝑡
𝐿
+ 𝑏ℎ sin
ℎ𝜔𝑠𝑡
𝐿
) 
∞
ℎ=1
. 
According to (3.11), if 𝜔𝑠 is adequately larger than  𝑅 ⁄ 𝐿, then the periodic component of the 
input has a negligible contribution to the entire output, the ripple 𝑖̃(𝑡) is small, and we can 
assume that 𝑖(𝑡) ≈ 𝑖(̅𝑡). Thus, the dynamic response of the circuit is entirely described by 
(3.10). 
A requisite for the validity of the averaged model, though, must be satisfied. As shown in 
Figure 3.4, if the modulating signal varies during a switching period (Ts of the carrier signal), 
then an error is committed working on the averaged model, which considers the signal as a 
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(3.12) 
(3.13) 
(3.14) 
(3.15) 
(3.17) 
(3.18) 
(3.19) 
constant value. To correctly assume the modulating signal is invariable during a switching 
period Ts; Ts itself has to be at the order of ten times shorter than the period of the 
modulating signal. If this requirement is accomplished, 𝑉𝐷𝐶̅̅ ̅̅ ̅ and 𝑖  can be also considered 
constant values over a switching cycle. 
As indicated before, the average of s1 is known as duty ratio, d. The relation can be 
mathematically expressed as: 
𝑠1̅(𝑡) = 𝑑 , 
and therefore 
𝑠4̅(𝑡) = 1 − 𝑑 . 
Substituting for (3.12) and (3.13) in (3.1 – 3.3) we obtain: 
𝑉?̅? =
𝑉𝐷𝐶
2
(2𝑑 − 1) , 
𝑖𝑝 = 𝑑 𝑖 , 
𝑖𝑛 = (1 − 𝑑) 𝑖 , 
where 𝑉?̅? , 𝑖?̅?  and 𝑖?̅?  are constant values over the switching period. The duty ratio 𝑑  can 
assume any value between 0 and 1. For the PWM strategy adopted the relationship between 
the magnitude of the modulating signal and the duty ratio is  𝑚 = 2𝑑 − 1  , thus the 
expressions (3.14 – 3.16) can be rewritten as 
 
𝑉?̅? = 𝑚
𝑉𝐷𝐶
2
 , 
𝑖𝑝 =
1 + 𝑚
2
 𝑖 , 
𝑖𝑛 =
1 − 𝑚
2
 𝑖 , 
which provide the outputs of the converter as functions of the control signal. Figure 3.5 
illustrates the relations between 𝑠1, 𝑑,𝑚 and 𝑉?̅?. Expressions (3.17 – 3.19) permit to modify 
the scheme of Fig. 3.2 to its analogous average model shown in Figure 3.6. 
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FIGURE 3.5   Waveforms of 𝑚, 𝑠1 and 𝑉?̅? [21]. 
 
 
FIGURE 3.6   Averaged model of the Two-Level Converter [21]. 
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(3.19) 
(3.20) 
(3.21) 
(3.22) 
 
𝑃𝐷𝐶̅̅ ̅̅ ̅ ,  𝑃𝑡̅̅̅̅  ,  𝑃𝑠̅̅ ̅ are calculated as: 
𝑃𝐷𝐶̅̅ ̅̅ ̅ = 𝑉?̅? 𝑖𝑝 + 𝑉?̅? 𝑖𝑛 = 𝑚
𝑉𝐷𝐶
2
𝑖 , 
𝑃?̅? = 𝑉?̅? 𝑖 = 𝑚
𝑉𝐷𝐶
2
𝑖 , 
𝑃𝐿𝑂𝑆𝑆̅̅ ̅̅ ̅̅ ̅ = 𝑃𝐷𝐶̅̅ ̅̅ ̅ − 𝑃?̅? = 0 , 
𝑃?̅? = 𝑉𝑠𝑖  = 𝑉𝑠𝑖 , 
which are constant values over the switching cycle. An ideal model is considered which 
neglects the losses in the converter as denoted in (3.21). 
 
3.4. Non-idealities 
Real converters have some variations compared to the ideal version presented in the 
previous sections, since the switches (IGBTs and diodes) present nonidealities. The real 
switches compared to the ideal present this issues: 
 In its conducting state, their behavior is equivalent to a voltage drop in series with a 
resistance. 
 The turn-on process of IGBTs is almost instantaneous, but their turn-off process is 
subject to the tailing current phenomenon. 
 The turn-on process of diodes is almost instantaneous, but their turn-off process is 
subject to the reverse current recovery phenomenon. 
The Two-Level Converter model with non-ideal switches is schemed at Figure 3.7. The 
effect of the non-idealities is represented in Figure 3.8. 
From the graphics of Figure 3.8 it can be observed that the principal effects of non-
idealities are related to the internal current through the switches. However, the resulting 
current i  is not influenced for it, and this is positive in terms of precision for the converter. 
These internal over-currents of the switch cells, though, have a repercussion in power losses, 
which means that  𝑃𝐷𝐶̅̅ ̅̅ ̅ ≠ 𝑃?̅?  , in contrast to the ideal Two-Level Converter. 
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The voltage output is referred as 𝑉𝑡′ to avoid confusion with the ideal case. In Figure 3.8 
it is observed that the magnitude is not affected in terms of amplitude, as the voltage drop 
and the resistance presented by the switches have barely a noticeable effect compared to 
𝑉𝐷𝐶/2. However, these non-idealities cause a delay in the transition from  𝑉𝑡
′ = −𝑉𝐷𝐶/2 to 
𝑉𝑡
′ = 𝑉𝐷𝐶/2 due to the diodes tailing currents. Note that for a negative current the delay 
occurs in the transition from 𝑉𝐷𝐶/2  to −𝑉𝐷𝐶/2  . This delay, though, is short enough to 
consider that the ideal averaged model is valid, as 𝑉𝑡
′ ≈ 𝑚 𝑉𝐷𝐶/2 . 
Since the ideal averaged model approximates notably the real behavior of the converter 
and to avoid cumbersome and unnecessary details for the aim of the thesis, the calculations 
and the models developed in Chapter 5 will be realized for the ideal Two-Level, Three-Phase 
Converter, and will be referred simply as Two-Level, Three-Phase Converter. 
 
 
FIGURE 3.7   Two-Level Converter model with non-ideal switches [21].  
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FIGURE 3.8   Switching waveforms of non-ideal Two-Level Converter for positive AC-side current [21]. 
 
Power 
losses 
Power 
losses 
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3.5. Two-Level, Three-Phase Converter 
The Two-Level, Three-Phase Converter is composed by three Two-Level Converters 
connected in parallel, each of them associated to a different phase, as shown in Figure 3.9. 
 
FIGURE 3.9   Model of the Two-Level, Three-Phase Converter [21]. 
The DC-side nodes p and n are shared by all three Two-Level Converters, whereas the 
AC-side node t is independent for each phase. Therefore, the output voltages 𝑉𝑡𝑖  are 
independent of each other as well as the currents 𝑖𝑖 . Note that each converter also requires 
necessarily its own commands 𝑚𝑖 and consequently 𝑠1𝑖 and 𝑠4𝑖.  
In the next section, the widely used Voltage-sourced Converter (VSC) will be presented 
and as a type of Two-Level, Three-Phase Converter. 
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3.6. Voltage-sourced Converter 
Depending on the characteristics of DC-side inputs, converters can be divided in two 
types: Current-sourced Converters (CSC) and Voltage-sourced Converters (VSC). A CSC 
operates under a DC-current that maintains the same polarity; therefore the DC-voltage 
determines the power flow through the converter. A continuous current can be achieved by 
connecting the DC-port with a large inductance in series, resulting in a current source 
behavior. By contrast, in a VSC, the continuous magnitude is the DC-voltage; thus the 
current polarity determines the power flow through the converter. A continuous voltage can 
be achieved by connecting the DC-port with a large capacitor in parallel, in resemblance to a 
voltage source.  
VSCs are extendedly used, whereas CSCs play a small role in power systems. The main 
reason resides in the different type of switching technology employed; a CSC requires the 
fully controllable bipolar switches IGCT, whereas a VSC permits to operate with IGBTs, 
which are also fully controllable but present a more efficient, faster and more reliable 
response under high-power conditions. Hence, due its importance in industry application, the 
converter studied in this thesis is the VSC. Note that the models of the converters in Figures 
3.2, 3.6, 3.7 and 3.9 in the present chapter are VSCs. 
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(4.1) 
(4.2) 
(4.3) 
 
4. Dimensional Frames 
 
Chapter 3 presented the Two-Level Converter, as well as its structure, operation 
mechanism and analytical description of its dynamics from its averaged model. However, for 
control purposes it is advantageous to transform the measured electrical magnitudes into 
domains [23] which allow an easier control, which will be defined in the subsequent sections. 
 
4.1.  Space-phasor domain 
abc-frame is the conventional form to represent the electrical magnitudes of a three-
phase system. Each line or phase is identified by the sub index a, b or c and has a specific 
expression. If the system is balanced, then the functions of the voltages or currents are the 
following sinusoids: 
𝑓𝑎(𝑡) = 𝑓 cos(𝜔𝑡 + 𝜃0), 
𝑓𝑏(𝑡) = 𝑓 cos (𝜔𝑡 + 𝜃0 −
2𝜋
3
),  
𝑓𝑐(𝑡) = 𝑓 cos (𝜔𝑡 + 𝜃0 −
4𝜋
3
) ,  
where 𝑓 , θ0 and ω are the amplitude, the initial phase angle, and the angular frequency of 
the function, respectively. For the sake of more compact future calculations, these three 
expressions may be assembled as a space phasor:  
𝑓(𝑡) =
2
3
[𝑒𝑗0 𝑓𝑎(𝑡) + 𝑒
𝑗
2𝜋
3 𝑓𝑏(𝑡) + 𝑒
𝑗
4𝜋
3 𝑓𝑐(𝑡)]. 
Substituting for 𝑓𝑎𝑏𝑐 from (4.1) in (4.2), and using the identities  cos 𝜃 =
1
2
 (𝑒𝑗𝜃 + 𝑒−𝑗𝜃)  
and  𝑒𝑗0 + 𝑒𝑗
2𝜋
3 + 𝑒𝑗
4𝜋
3 ≡ 0 , we obtain 
𝑓(𝑡) = (𝑓𝑒𝑗𝜃0)𝑒𝑗𝜔𝑡 = 𝑓𝑒𝑗𝜔𝑡, 
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(4.4) 
(4.5) 
(4.6) 
which depends on frequency and time. The complex quantity 𝑓 can be represented by a 
vector in the complex plane. If 𝑓 is a constant, the vector is the same as the conventional 
phasor used in the analysis of linear circuits under steady-state conditions. 
𝑓(𝑡)  represents the rotation of 𝑓 with angular speed ω, describing a circle centered at the 
origin (Fig. 4.1).  
 
 
FIGURE 4.1   Space-phasor representation in the complex plane [23]. 
 
If ω is a function of time, then the space phasor can be written as 
𝑓(𝑡) = 𝑓(𝑡)𝑒𝑗𝜃(𝑡), 
where 
𝜃(𝑡) = 𝜃0 + ∫ 𝜔(𝜏)𝑑𝜏
𝑡
0
 . 
Therefore, a space phasor provides information of the amplitude, angle and frequency of a 
three-phase function. 
The inverse transformation from a space phasor to its corresponding three-phase 
expression is  
𝑓𝑎(𝑡) = 𝑅𝑒{𝑓(𝑡) 𝑒
−𝑗0}, 
 
𝑓𝑏(𝑡) = 𝑅𝑒 {𝑓(𝑡) 𝑒
−𝑗
2𝜋
3 }, 
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(4.7) 
(4.8) 
𝑓𝑐(𝑡) = 𝑅𝑒 {𝑓(𝑡)𝑒
−𝑗
4𝜋
3 }, 
where 𝑅𝑒{·} is the real-part operator. Based on (4.6), 𝑓𝑎(𝑡),  𝑓𝑏(𝑡) and 𝑓𝑐(𝑡) are projections 
of 𝑓(𝑡) 𝑒−𝑗0, 𝑓(𝑡)𝑒−𝑗
2𝜋
3  and 𝑓(𝑡)𝑒−𝑗
4𝜋
3  , respectively, on the real axis of the complex plane. 
It is interesting to define real, reactive, and apparent power exchanged by a component 
with a three-phase port in the space phasor domain. In contrast to the conventional phasor 
concept, the definitions of power components based on the space-phasor theory are also 
valid for dynamic and/or variable-frequency scenarios. 
Consider the three-wire, three-phase load of Fig. 4.2, whose terminal voltages and 
currents are, respectively, 𝑣𝑎𝑏𝑐  and  𝑖𝑎𝑏𝑐  . They are not necessarily balanced, but the 
relation 𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 = 0  must be accomplished.  
 
FIGURE 4.2   Three-wire, three-phase load [23]. 
The instantaneous total (real) power in the time domain is expressed as 
𝑃(𝑡) = 𝑣𝑎(𝑡) 𝑖𝑎(𝑡) + 𝑣𝑏(𝑡) 𝑖𝑏(𝑡) + 𝑣𝑐(𝑡) 𝑖𝑐(𝑡). 
Substituting 𝑣𝑎𝑏𝑐 and 𝑖𝑎𝑏𝑐 for their space phasors based in (4.6), we obtain  
𝑃(𝑡) = 𝑅𝑒{?⃗?(𝑡) 𝑒−𝑗0} 𝑅𝑒{𝑖(𝑡) 𝑒−𝑗0} +  𝑅𝑒 {?⃗?(𝑡) 𝑒−𝑗
2𝜋
3 }  𝑅𝑒 {𝑖(𝑡) 𝑒−𝑗
2𝜋
3  } +
 𝑅𝑒 {?⃗?(𝑡) 𝑒−𝑗
4𝜋
3 }  𝑅𝑒 {𝑖(𝑡) 𝑒−𝑗
4𝜋
3  } . 
Based on the identity {𝛼} 𝑅𝑒{𝛽} =
𝑅𝑒{𝛼𝛽}+𝑅𝑒{𝛼𝛽∗}
2
 , expression (4.8) turns to 
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(4.9) 
(4.10) 
(4.11) 
(4.12) 
𝑃(𝑡) =
𝑅𝑒{?⃗?(𝑡)𝑖(𝑡)} + 𝑅𝑒{?⃗?(𝑡)𝑖 ∗(𝑡)}
2
+ 
𝑅𝑒 {?⃗?(𝑡)𝑖(𝑡)𝑒−𝑗
4𝜋
3 } + 𝑅𝑒{?⃗?(𝑡)𝑖 ∗(𝑡)}
2
+ 
𝑅𝑒 {?⃗?(𝑡)𝑖(𝑡)𝑒−𝑗
8𝜋
3 } + 𝑅𝑒{?⃗?(𝑡)𝑖 ∗(𝑡)}
2
 . 
Finally, using the relation  𝑒𝑗0 + 𝑒𝑗
−4𝜋
3 + 𝑒𝑗
−8𝜋
3 ≡ 0 , (4.9) can be reduced to 
𝑃(𝑡) =
3
2
 𝑅𝑒 {?⃗?(𝑡) 𝑖 ∗(𝑡)} . 
It is important to remark that ?⃗?(𝑡) and 𝑖(𝑡) may have any amplitudes or frequencies 
functions of time, since no assumptions have been considered to reach the expression of 
(4.10). Moreover, there is no requirement for the frequencies of 𝑣𝑎𝑏𝑐 and 𝑖𝑎𝑏𝑐 to be equal. 
Furthermore, since no harmonic assumptions have been done either, the formula can be 
used in both transient and steady-state conditions. If voltages and currents are distortion-free, 
with constant amplitudes and equal constant frequencies, then the expression is equivalent 
to the real power calculated in common phasor analysis. This will be very useful in 
calculations of following chapters. 
Aside from the real power, it is also important to present the expressions of reactive- and 
apparent-power: 
𝑄(𝑡) =
3
2
 𝐼𝑚 {?⃗?(𝑡) 𝑖 ∗(𝑡)}, 
𝑆(𝑡) = 𝑃(𝑡) + 𝑗𝑄(𝑡) =
3
2
 ?⃗?(𝑡) 𝑖 ∗(𝑡). 
As real power, under a steady-state, balanced, sinusoidal condition, the instantaneous 
reactive power assumes the same expression as that for the common reactive power.  
 
4.2. αβ-frame 
In the previous section the space phasor was presented as a complex-valued function of 
time that can be expressed in the polar coordinate system. Such a representation is 
particularly useful when dynamics of amplitude and phase of the system variables are of 
interest. However, for control design and implementation purposes, it is better to place space 
phasors and their equations in the Cartesian coordinate system, to deal with real-valued 
functions of time.  
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(4.13) 
(4.14) 
(4.15) 
(4.16) 
(4.17) 
Considering the space phasor 
𝑓(𝑡) =
2
3
[𝑒𝑗0 𝑓𝑎(𝑡) + 𝑒
𝑗
2𝜋
3 𝑓𝑏(𝑡) + 𝑒
𝑗
4𝜋
3 𝑓𝑐(𝑡)] , 
where 𝑓𝑎(𝑡) + 𝑓𝑏(𝑡)+ 𝑓𝑐(𝑡) = 0, his corresponding expression in αβ-frame is 
𝑓(𝑡) = 𝑓𝛼(𝑡) + 𝑗𝑓𝛽(𝑡) , 
where 𝑓𝛼(𝑡) is the real component (α-axis) and  𝑓𝛽(𝑡) is the imaginary (β-axis). Combining 
(4.13) and (4.14) we obtain the expression of the transformation from abc- to dq-frame, 
known as Clarke transformation [24]:  
[
𝑓𝛼(𝑡)
𝑓𝛽(𝑡)
] =
2
3
 𝐂 [
𝑓𝑎(𝑡)
𝑓𝑏(𝑡)
𝑓𝑐(𝑡)
] , 
where 
𝐂 =  
[
 
 
 1 −
1
2
−
1
2
0
√3
2
−
√3
2 ]
 
 
 
 . 
We can also define the inverse transformation as 
[
𝑓𝑎(𝑡)
𝑓𝑏(𝑡)
𝑓𝑐(𝑡)
] =
[
 
 
 
 
1 0
−
1
2
√3
2
−
1
2
−
√3
2 ]
 
 
 
 
[
𝑓𝛼(𝑡)
𝑓𝛽(𝑡)
] = 𝐂𝑇 [
𝑓𝛼(𝑡)
𝑓𝛽(𝑡)
] . 
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(4.18) 
(4.19) 
(4.20) 
(4.21) 
(4.22) 
 
FIGURE 4.3   Representation of a space phasor in αβ-frame [23]. 
Fig.(4.3) represents the phasor 𝑓(𝑡) rotating with angular speed 𝜔(𝑡) in the αβ-plain. From 
this figure we can deduce the following geometrical relations:  
𝑓(𝑡) = √𝑓𝛼
2(𝑡) + 𝑓𝛽
2(𝑡) , 
𝑐𝑜𝑠 𝜃(𝑡) =
𝑓𝛼(𝑡)
?̂?(𝑡)
 , 
sin𝜃(𝑡) =
𝑓𝛽(𝑡)
?̂?(𝑡)
 . 
(4.19) and (4.20) can be rewritten as 
𝑓𝛼(𝑡) = 𝑓(𝑡)𝑐𝑜𝑠 𝜃(𝑡) , 
𝑓𝛽(𝑡) = 𝑓(𝑡)𝑠𝑖𝑛 𝜃(𝑡) , 
which implies that 𝑓𝛼(𝑡) and 𝑓𝛽(𝑡) are sinusoidal functions of time, with amplitude 𝑓(𝑡) and 
frequency 𝜔 = 𝑑𝜃/𝑑𝑡.  
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(4.23) 
(4.24) 
 
FIGURE 4.4   Example of three-phase voltages in abc- and αβ-frame [25]. 
As occurred at the previous section, it is interesting to define the expressions of real- 
and reactive-power, this time referred to αβ-frame. To obtain them we substitute ?⃗?(𝑡) for  
𝑣𝛼 + 𝑗𝑣𝛽  and   𝑖
 ∗(𝑡) for 𝑖𝛼 − 𝑗𝑖𝛽 in equations (4.10) and (4.12), what results in: 
𝑃(𝑡) =
3
2
 [𝑣𝛼(𝑡)𝑖𝛼(𝑡) + 𝑣𝛽(𝑡)𝑖𝛽(𝑡)] , 
𝑄(𝑡) =
3
2
 [−𝑣𝛼(𝑡)𝑖𝛽(𝑡) + 𝑣𝛽(𝑡)𝑖𝛼(𝑡)] . 
In the next section the main features of these expressions will be disclosed. 
 
4.3. dq-frame 
As was explained before, αβ-frame has the advantage of working in two dimensions 
instead of three (abc-frame), which allows reduction of complexity of the control loops. 
However, the variables to control are usually sinusoidal functions of time, so the controllers 
have to be of high orders to achieve small errors, and designing them is not a straightforward 
task. dq-frame provides a solution to this problem. In dq-frame, sinusoidal magnitudes 
assume DC waveforms under steady-state conditions. This is very useful because offers the 
possibility to use compensators with simpler structures and lower dynamic orders. 
Furthermore, zero steady-state tracking error can be achieved by including integral terms in 
the compensators, by means of a conventional PI controller.  
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(4.25) 
(4.26) 
The transformation to dq-frame can be realized from αβ-frame or directly from abc-frame. 
In the second case the process is known as Park transformation [26], but for the sake of 
comprehension the first procedure will be explained instead. 
dq-frame transformation from the αβ-frame phasor 𝑓(𝑡) = 𝑓𝛼(𝑡) + 𝑗𝑓𝛽(𝑡) is 
𝑓𝑑(𝑡) + 𝑗𝑓𝑞(𝑡)  = [𝑓𝛼(𝑡) + 𝑗𝑓𝛽(𝑡)]𝑒
−𝑗𝜀(𝑡), 
which represents a phase rotation of the axis α and β by the angle −𝜀(𝑡). Its inverse is 
obtained by multiplying both sides of the equation by 𝜀(𝑡): 
𝑓𝛼(𝑡) + 𝑗𝑓𝛽(𝑡)  = [𝑓𝑑(𝑡) + 𝑗𝑓𝑞(𝑡)]𝑒
𝑗𝜀(𝑡) . 
In order to highlight the usefulness of the transformation, the general form of a space 
phasor is chosen: 
𝑓(𝑡) = 𝑓𝛼(𝑡) + 𝑗𝑓𝛽(𝑡) = 𝑓(𝑡)𝑒
𝑗[𝜃0+∫𝜔(𝜏)𝑑𝜏] . 
where frequency  𝜔(𝑡) is time-varying, and phasor’s initial angle is 𝜃0. If 𝜀(𝑡) is selected as 
𝜀(𝑡) = 𝜀0 + ∫𝜔(𝜏)𝑑𝜏, then based on the expression (4.25) the space phasor turns to 
𝑓(𝑡) = 𝑓𝑑(𝑡) + 𝑗𝑓𝑞(𝑡) = 𝑓(𝑡)𝑒
𝑗[𝜃0−𝜀0] , 
therefore the phasor in dq-frame is not sinusoidal, and under steady-state conditions it is a 
constant-value. 𝜃0 and 𝜀0 are not necessarily equal, although 𝑑𝜀/𝑑𝑡 = 𝑑𝜃/𝑑𝑡 . As fig. 4.5 
shows, the coordinate-system rotates at the complex plain with the same frequency as the 
space phasor, so its projections over d- and q-axis do not depend on the angle. For that 
reason the dq-frame it is also referred as rotating reference frame. The main drawback of this 
coordinate system is the angle of the space phasor has to be permanently tracked, and the 
system needs an additional loop to provide the correct angle to the controllers. The scheme 
adopted is known in technical literature as Phase-locked loop (PLL), which will be further 
explained in chapter 5. 
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(4.27) 
(4.28) 
(4.29) 
(4.30) 
 
FIGURE 4.5   αβ- and dq-frame [23]. 
Based in Euler identity 𝑒𝑗(·) = cos(·) + 𝑗sin (·), the transformation of (4.25) can be rewritten 
as a conventional rotation: 
[
𝑓𝑑(𝑡)
𝑓𝑞(𝑡)
] = 𝐑 [𝜀(𝑡)] [
𝑓𝛼(𝑡)
𝑓𝛽(𝑡)
] = [
cos 𝜀(𝑡) sin 𝜀(𝑡)
−sin 𝜀(𝑡) cos 𝜀(𝑡)
] [
𝑓𝛼(𝑡)
𝑓𝛽(𝑡)
] , 
and its inverse 
[
𝑓𝛼(𝑡)
𝑓𝛽(𝑡)
] = 𝐑−1[𝜀(𝑡)] [
𝑓𝑑(𝑡)
𝑓𝑞(𝑡)
] = [
cos 𝜀(𝑡) − sin 𝜀(𝑡)
sin 𝜀(𝑡) cos 𝜀(𝑡)
] [
𝑓𝑑(𝑡)
𝑓𝑞(𝑡)
] . 
As for αβ-frame, here the expressions of real- and reactive-power are presented for dq-
frame. Based on (4.26), we substitute ?⃗?(𝑡)  for  (𝑣𝑑 + 𝑗𝑣𝑞)𝑒
𝑗𝜀(𝑡)   and   𝑖 ∗(𝑡)  for (𝑖𝑑 −
𝑗𝑖𝑞)𝑒
−𝑗𝜀(𝑡) in (4.10) and (4.12) and the following formulas are obtained: 
𝑃(𝑡) =
3
2
 [𝑣𝑑(𝑡)𝑖𝑑(𝑡) + 𝑣𝑞(𝑡)𝑖𝑞(𝑡)] , 
𝑄(𝑡) =
3
2
 [−𝑣𝑑(𝑡)𝑖𝑞(𝑡) + 𝑣𝑞(𝑡)𝑖𝑑(𝑡)] . 
These two expressions, in turn, can be simplified by exploiting another feature of dq-frame. 
This is the possibility to choose the initial angle 𝜀0 of the transformation to be equal to the 
initial angle of the space phasor: 𝜀0 = 𝜃0 . This implies that the space phasor is entirely 
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located on d-axis (Fig. 4.6). For example, if voltage is the selected magnitude to provide the 
dq-frame reference, then ?⃗?(𝑡) = 𝑣𝑑 , and 𝑣𝑞 = 0 . Hence, expressions (4.29) and (4.30) are 
reduced to 
𝑃(𝑡) =
3
2
 [𝑣𝑑(𝑡)𝑖𝑑(𝑡)] , 
𝑄(𝑡) =
3
2
 [−𝑣𝑑(𝑡)𝑖𝑞(𝑡)] . 
This simplification is very useful for power-control purposes, since a decoupled system can 
be adopted, controlling 𝑃(𝑡)  through the control signal 𝑖𝑑(𝑡), while 𝑄(𝑡)  is controlled by 
𝑖𝑞(𝑡). In chapter 5 a full explanation of the scheme implemented for the converter studied in 
this project will be disclosed. 
 
FIGURE 4.6  Waveforms of voltages expressed in αβ- and dq-frame [25]. 
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5. Modeling and simulation of a 
Two-Level, Three-Phase Voltage-
Sourced Converter 
 
The mathematical models of Chapter 3 and the reference-frame theory and the 
transformations of Chapter 4 are used in the present chapter for the modeling and the 
interpretation of the obtained results. In order to facilitate the comprehension of the system’s 
operation, as well as the design process of the control scheme, some partial models have 
been built, each one increasing on complexity. All the models have been created in Matlab 
Simulink. 
The subsequent models in this chapter could be valid for two different types of 
converters in the transmission scheme: the DC/AC Full-Scale Power Converter (FSPC) 
located at the wind turbine, or the Onshore Converter Station at the end of HVDC cables (Fig. 
5.1); but the values used in the simulations have been chosen to be referred at the Full-Scale 
Power Converter. 
 
FIGURE 5.1   HVDC-connected Wind Power system [7]. 
Full-Scale Power Converter 
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(5.1) 
5.1. Basic model 
As explained in Chapter 3, a Two-Level, Three-Phase VSC provides a determined 
voltage to an AC grid, which is interfaced to the AC-side of the converter by a series RL-
branch. Therefore, the most basic configuration to represent the AC-side circuit is to model 
the VSC and the grid as AC voltage sources, as shown in Figure 5.1: 
 
 
FIGURE 5.2   Basic Model of the AC-side circuit of a VSC. 
 𝑃𝑡 , 𝑄𝑡 are the real and reactive power at the AC-side port (node t) and 𝑃𝑠 , 𝑄𝑠 are the real 
and reactive power exchanged at the connection point with the grid, known in technical 
literature as Point of Common Coupling (PCC).  𝑃𝑡 −  𝑃𝑠 ,  𝑄𝑡 −  𝑄𝑠  represent the power 
dissipated at the RL-branch. 
The model of Figure 5.2 is useful to illustrate the variables of interest of the AC system, 
and as an initial step to build the subsequent models. Based in expression (3.4) for a Two-
Level Converter in Chapter 3, the mathematical expression to characterize the dynamics of 
the AC-side system, referred to Figure 5.2 but valid also for the subsequent models, can be 
written as 
𝐿
𝑑
𝑑𝑡 
𝑖 + 𝑅 𝑖 = 𝑉𝑡⃗⃗⃗⃗ − 𝑉𝑠⃗⃗⃗ ⃗ . 
 
5.2. dq-frame model 
As mentioned in Chapter 4, for control purposes the best coordinate system to work with 
is the dq-frame, since in this reference sinusoidal AC magnitudes of abc-frame are DC 
values. With such inputs a zero steady-state error can be obtained, as the compensators do 
not have to be complex; conventional Proportional-Integral controllers (PI) can be used. 
Vta 
Vtb 
Vtc 
Vsa 
Vsb 
Vsc 
PCC 
Pt ,Qt Ps,Qs 
ia 
ib 
ic 
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(5.2) 
(5.3) 
(5.4) 
(5.5) 
(5.6) 
(5.7) 
(5.8) 
To transform the AC signals to dq-frame, a simplification from the process explained in 
Chapter 4 is followed. The base voltages chosen for the transformation are the voltages at 
PCC 
𝑉𝑠𝑎 = 𝑉?̂? cos(𝜔0𝑡 + 𝜃0) , 
𝑉𝑠𝑏 = 𝑉?̂? cos (𝜔0𝑡 + 𝜃0 −
2𝜋
3
) , 
𝑉𝑠𝑐 = 𝑉?̂? cos (𝜔0𝑡 + 𝜃0 −
4𝜋
3
), 
where 𝑉?̂?  is the peak value of the line-to-ground voltage. These expressions can be 
expressed as a space phasor 
𝑉𝑠⃗⃗⃗ ⃗ = 𝑉?̂? 𝑒
𝑗(𝜔0𝑡+𝜃0)  . 
Then we obtain the dq-frame magnitudes 
𝑉𝑠𝑑𝑞= 𝑉𝑠𝑑 + 𝑗𝑉𝑠𝑞 = 𝑉𝑠⃗⃗⃗ ⃗ 𝑒
−𝑗𝜌(𝑡) = 𝑉?̂? 𝑒
𝑗(𝜔0𝑡+𝜃0)𝑒−𝑗𝜌(𝑡)  , 
where 𝜌(𝑡) = 𝜔𝑡 + 𝜌0. 
Analogously, the operations of (5.3) and (5.4) can be employed at the expression (5.1), 
obtaining 
𝐿
𝑑
𝑑𝑡
[?̂? 𝑒𝑗(𝜔0𝑡+𝜑0)𝑒−𝑗𝜌(𝑡)]
= −𝑅 ?̂? 𝑒𝑗(𝜔0𝑡+𝜑0)𝑒−𝑗𝜌(𝑡) + 𝑉?̂?𝑒
𝑗(𝜔0𝑡+𝜎0)𝑒−𝑗𝜌(𝑡) − 𝑉?̂?𝑒
𝑗(𝜔0𝑡+𝜃0)𝑒−𝑗𝜌(𝑡) . 
 
Selecting the frequency of the reference frame = 𝜔0 , and 𝜌0 = 𝜃0 then (5.5) results to 
𝐿
𝑑
𝑑𝑡
[?̂? 𝑒𝑗(𝜑0−𝜃0)] = −𝑗𝐿𝜔0 𝑖̂ 𝑒
𝑗(𝜑0−𝜃0) − 𝑅 ?̂? 𝑒𝑗(𝜑0−𝜃0) + 𝑉?̂?𝑒
𝑗(𝜎0−𝜃0) − 𝑉?̂? . 
Decomposing (5.6) into real and imaginary components, we obtain: 
𝐿
𝑑
𝑑𝑡
𝑖𝑑 = 𝐿𝜔0𝑖𝑞 − 𝑅 𝑖𝑑 + 𝑉𝑡𝑑 − 𝑉𝑠 , 
𝐿
𝑑
𝑑𝑡
𝑖𝑞 = −𝐿𝜔0𝑖𝑑 − 𝑅 𝑖𝑞 + 𝑉𝑡𝑞, 
which describe a second-order linear system. 
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(5.9) 
(5.10) 
(5.11) 
To control the system defined by (5.7) and (5.8), two different strategies can be adopted. 
The first one is known as voltage-mode control, which controls real- and reactive-power 
comparing the phase and the amplitude of 𝑉𝑡𝑎𝑏𝑐 to 𝑉𝑠𝑎𝑏𝑐. This method is widely used in some 
applications, such as Flexible AC Transmission systems (FACTS) [27]. The main advantage 
of voltage-mode control is that requires a low number of control loops, but it has an important 
downside, which is vulnerability against overcurrents, due to the lack of closed loops on 
current. By this control method the system also may undergo large excursions in front of 
rapid changes of the commands. 
 The second method is the current-mode control, which despite being more complex and 
present a higher number of control loops is more robust against variations in parameters of 
the VSC and the AC-side circuit and is protected against overcurrents. For these reasons the 
strategy adopted in the models of the thesis is the current-mode control. In this method 𝑖𝑑 , 
𝑖𝑞 are the state variables; 𝑉𝑡𝑑 , 𝑉𝑡𝑞are the control variables; and 𝑉𝑠 is the disturbance input. 
However, 𝜌  and 𝜔  can also be considered, respectively, as a state variable and a 
control variable of the system, since the dq-frame requires to track permanently the angle for 
the transformations. The technique employed to guarantee that is the Phase-Locked Loop 
(PLL). 
 
5.3. Phase-Locked Loop 
This control strategy has to ensure that 𝑉𝑠𝑞 = 0,  thus 𝑉𝑠 = 𝑉𝑠𝑑 . As mentioned in the 
foregoing section, this occurs when (𝑡) = 𝜔0𝑡 + 𝜃0 . Selecting 𝜔 as the control variable, the 
regulation of 𝑉𝑠𝑞 = 0 can be achieved based on the following feedback law: 
𝜔(𝑡) = 𝐻(𝑝)𝑉𝑠𝑞(𝑡), 
where 𝐻(𝑝)  is a linear transfer function, and 𝑝 = 𝑑(·) 𝑑𝑡⁄  is a differentiation operator. 
Applying the imaginary operator to (5.4) we obtain the general expression of 𝑉𝑠𝑞: 
𝑉𝑠𝑞 = 𝐼𝑚 {𝑉?̂?𝑒
𝑗(𝜔𝑡+𝜃0)𝑒−𝑗𝜌(𝑡)} = 𝑉?̂? sin(𝜔𝑡 + 𝜃0 − 𝜌(𝑡)). 
Substituting for 𝑉𝑠𝑞 from (5.10) and for 𝜔 =
𝑑𝜌
𝑑𝑡
 in (5.9), the resulting expression is 
𝑑𝜌
𝑑𝑡
= 𝐻(𝑝) 𝑉?̂? sin(𝜔𝑡 + 𝜃0 − 𝜌(𝑡)) , 
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(5.12) 
which is a nonlinear system, difficult to control. To ease the characterization of the system, 
we define 𝜔(0) = 𝜔0 limited to 𝜔𝑚𝑖𝑛 ≤ 𝜔 ≤ 𝜔𝑚𝑎𝑥 , to permit a narrow range of variations 
during transients, but small enough to assume  sin 𝑥 = 𝑥 , and consequently deal with a 
linear system: 
𝑑𝜌
𝑑𝑡
= 𝐻(𝑝) 𝑉?̂?  (𝜔𝑡 + 𝜃0 − 𝜌(𝑡)) , 
which represents a feedback loop in which 𝜔𝑡 + 𝜃0 is the reference input, 𝜌 is the output and 
𝐻(𝑝) 𝑉?̂? is the transfer function of the effective compensator, as shown in Figure 5.3. 
 
FIGURE 5.3   Control scheme of the PLL [28].  
Figure 5.4 illustrates how the PLL is implemented; the PLL transforms 𝑉𝑠𝑎𝑏𝑐 to 𝑉𝑠𝑑𝑞 and 
adjusts the rotational speed 𝜔  of the dq-frame to force 𝑉𝑠𝑞  to zero in the steady-state, 
resulting in 𝜌(𝑡) = 𝜔0𝑡 + 𝜃0  and therefore 𝑉𝑠𝑑 = 𝑉𝑠  . It should be pointed out that in the 
block diagram of Figure 8.5, the integration of 𝜔 is realized by means of a voltage-controlled 
oscillator (VCO), which acts as a resettable integrator whose output, 𝜌 , is reset to zero 
whenever it reaches 2𝜋 . 
 
FIGURE 5.4   Implementation of the PLL [28]. 
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In Simulink, the PLL is implemented according to Figure 5.5 
 
FIGURE 5.5   Implementation of the PLL in Simulink. 
As is observed from Figure 5.5, in Simulink the PLL is adopted directly from the abc-signal, 
and provides the angle (wt) and also the measured frequency. The response of the PLL is 
represented in Figure 5.6. 
 
FIGURE 5.6   Outputs of the PLL. 
The angle wt provided to the abc/dq0 transformer maintains 𝑉𝑠𝑞 around zero. For a typical 
line-to-ground peak voltage 𝑉𝑠 = 690𝑉 , 𝑉𝑠𝑞 has a small error of few volts (≈0.8% of the peak 
value of 𝑉𝑠), and 𝑉𝑠𝑑 ≅ 𝑉𝑠 as shown in Figure 5.7. An extended methodology to design the 
compensator of the PLL can be found in [28]. It has not been included in order to not 
overcharge the content of the chapter in compensator designing methodologies, as similar 
techniques have been employed for other controllers and will be presented in subsequent 
sections. 
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(5.13) 
(5.14) 
(5.15) 
(5.16) 
 
 
 
FIGURE 5.7   Waveforms of Vs in abc- and dq-frame. 
 
5.4. Current controller 
Figure 5.2 illustrates a basic model of the AC-side circuit of a VSC, in which no kind of 
control has been included. As explained in Section 5.2, the control methodology employed to 
control the dynamics of the AC-side circuit is the Current-mode control [28]. The main goal of 
this strategy is to provide specified power P, Q to the grid. This is achieved by forcing 𝑖𝑑 and 
𝑖𝑞  to their reference values, for which the desired power at PCC is exchanged. The 
expressions of power in dq-frame are 
𝑃(𝑡) =
3
2
 [𝑣𝑑(𝑡)𝑖𝑑(𝑡) + 𝑣𝑞(𝑡)𝑖𝑞(𝑡)] , 
𝑄(𝑡) =
3
2
 [−𝑣𝑑(𝑡)𝑖𝑞(𝑡) + 𝑣𝑞(𝑡)𝑖𝑑(𝑡)] . 
If a PLL is adopted, 𝑉𝑠𝑞 ≈ 0 , and equations (5.13) and (5.14) referred to PCC can be 
simplified to 
𝑃𝑠(𝑡) =
3
2
 [𝑣𝑠𝑑(𝑡)𝑖𝑑(𝑡)] , 
𝑄𝑠(𝑡) =
3
2
 [−𝑣𝑠𝑑(𝑡)𝑖𝑞(𝑡)] . 
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(5.17) 
(5.18) 
(5.19) 
(5.20) 
According to (5.15) and (5.16), a decoupled control scheme can be adopted in which 𝑃𝑠 is 
controlled by 𝑖𝑑 and 𝑄𝑠  by 𝑖𝑞  . Defining 𝑃𝑠𝑟𝑒𝑓 and 𝑄𝑠𝑟𝑒𝑓  as the desired values of real and 
reactive power exchanged at PCC, the values of 𝑖𝑑 and 𝑖𝑞 to be tracked are 
 
𝑖𝑑𝑟𝑒𝑓 =
2
3𝑉𝑠𝑑
𝑃𝑠𝑟𝑒𝑓 , 
𝑖𝑞𝑟𝑒𝑓 = −
2
3𝑉𝑠𝑑
𝑄𝑠𝑟𝑒𝑓 . 
Note that 𝑉𝑠𝑑 is a DC magnitude, and if 𝑃𝑠𝑟𝑒𝑓 and 𝑄𝑠𝑟𝑒𝑓 are constant values, then 𝑖𝑑𝑟𝑒𝑓 and 
𝑖𝑞𝑟𝑒𝑓 are DC constant values as well. Moreover, if 𝑖𝑑 and 𝑖𝑞 track 𝑖𝑑𝑟𝑒𝑓 and 𝑖𝑞𝑟𝑒𝑓 they are 
also DC variables. 
Considering the mathematical model of the AC-side dynamics 
𝐿
𝑑
𝑑𝑡
𝑖𝑑 = 𝐿𝜔0𝑖𝑞 − 𝑅 𝑖𝑑 + 𝑉𝑡𝑑 − 𝑉𝑠𝑑 , 
𝐿
𝑑
𝑑𝑡
𝑖𝑞 = −𝐿𝜔0𝑖𝑑 − 𝑅 𝑖𝑞 + 𝑉𝑡𝑞 − 𝑉𝑠𝑞 , 
where 𝑉𝑠𝑞  has been included to precise the results (remember that 𝑉𝑠𝑞 ≈ 0); the current 
controller is implemented as Figure 5.8 illustrates. 
 
FIGURE 5.8   Block diagram of a current-controlled VSC [28]. 
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According to Fig. 5.8, the operation of the current controller is the following: the outputs 
𝑖𝑑 and 𝑖𝑞 are compared to 𝑖𝑑𝑟𝑒𝑓 and 𝑖𝑞𝑟𝑒𝑓 in a feedback loop, the resulting errors 𝑒𝑑 and 𝑒𝑞 
are processed by a compensator which provides the control signals 𝑢𝑑 and 𝑢𝑞. Then a feed-
forward compensation [29] is employed, consisting on implement the effect of the 
disturbances of the system (𝑉𝑠𝑑 and 𝑖𝑞 for variable 𝑖𝑑 , 𝑉𝑠𝑞 and 𝑖𝑑 for 𝑖𝑞) into the controller, 
which improves the start-up response of the converter. This kind of compensation also 
avoids the designer to take into account the dynamics of the grid and enhances the 
disturbance rejection capability of the system. The resulting commands are taken to the 
converter as the modulating signals 𝑚𝑑 and 𝑚𝑞.  The right side of Fig. 5.8 represents the 
dynamics of the AC-side circuit characterized by (5.19) and (5.20). 
The model of the current controller in Simulink is represented in Figure 5.9. 
 
FIGURE 5.9   Simulink model of the current controller. 
As Fig. 5.9 illustrates, despite processing dq-values during the control, the output signals 𝑚𝑑 
and 𝑚𝑞 have to be transformed into 𝑚𝑎 , 𝑚𝑏 and 𝑚𝑐 , as the converter necessarily has to 
deal with sinusoidal commands to provide the AC voltage 𝑉𝑡. 
The implementation of the current controller to the whole AC-side circuit has also been 
modelled in Simulink and is represented in Figure 5.10. 
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(5.21) 
 
FIGURE 5.10   Simulink model of the AC-side circuit of a current-controlled VSC. 
As observed from Figure 5.10, the VSC is modelled as a three-phase voltage source 
controlled by the outputs of the current controller. It is important to remark that this is a partial 
model realized to characterize the effects of the controller, and although the system can be 
considered a real converter in terms of dynamic response of the AC-side circuit; in a real 
converter, as explained in Chapter 3, the commands 𝑚𝑎 , 𝑚𝑏 and 𝑚𝑐 vary from -1 to 1, as 
they are scaled by the DC voltage. Since the DC-side model of the converter has not been 
presented for the moment, 𝑚𝑎  , 𝑚𝑏  and 𝑚𝑐  of Fig. 5.10 are not scaled, and directly 
correspond, respectively, to  𝑉𝑡𝑎 , 𝑉𝑡𝑏 and 𝑉𝑡𝑐 . 
 
5.4.1. Compensator design 
The control scheme of Figure 5.9 shows that the branches d and q of the controller are 
identical; therefore the compensators can be identical as well [28]. Consider, for example, 
the control loop of d-axis. The compensator has to track a DC value 𝑒𝑑  and provide the 
control signal 𝑢𝑑 . This can be achieved by means of a Proportional-Integral (PI) controller 
[30], which has the following expression in Laplace-domain [31]:  
𝑘𝑑(𝑠) =
𝑘𝑝𝑠 + 𝑘𝑖
𝑠
 , 
where 𝑘𝑝 is the proportional-constant and 𝑘𝑖 is the integral-constant. As the transfer function 
of the system is 𝐺(𝑠) =
1
𝐿𝑠+𝑅
 , the loop gain is 
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(5.22) 
(5.23) 
(5.24) 
(5.25) 
 
𝑙(𝑠) =
𝑘𝑝
𝐿𝑠
 
𝑠 +
𝑘𝑖
𝑘𝑝
𝑠 + 𝑅 𝐿⁄
 . 
The plant has a pole at = −𝑅 𝐿⁄  , which is fairly close to the origin and the gain and the 
phase of the system decay from low frequencies. The compensator is designed to cancel the 
pole by its zero, which is = −
𝑘𝑖
𝑘𝑝
 . The loop gain is then reduced to (𝑠) =
𝑘𝑝
𝐿𝑠
 , and the closed-
loop transmittance becomes  
𝐺(𝑠) =
𝐼𝑑(𝑠)
𝐼𝑑𝑟𝑒𝑓(𝑠)
=
𝑙(𝑠)
1 + 𝑙(𝑠)
=  
1
𝜏𝑖𝑠 + 1
 , 
if  
𝑘𝑝 = 𝐿 𝜏𝑖⁄  , 
𝑘𝑖 = 𝑅 𝜏𝑖⁄  , 
where 𝜏𝑖 is the time constant of the closed loop system. 𝜏𝑖 has to be small enough to provide 
a fast response on 𝑖𝑑 and 𝑖𝑞 , but large enough to ensure that the bandwidth of the system 
1 𝜏𝑖⁄  is relatively smaller than the switching frequency (in rad/s) of the converter, typically 5-
10 times smaller. 𝜏𝑖 is normally chosen 0.5 𝑚𝑠 ≤ 𝜏𝑖 ≤ 5 𝑚𝑠.  
 
5.4.2. Simulation Results 
For the VSC modelled in this thesis the following values have been chosen: 𝑉𝑠 = 690𝑉,
𝜔0 = 314 𝑟𝑎𝑑/𝑠, 𝑅 = 3𝑚𝛺, 𝐿 = 100𝜇𝐻,  and converter frequency 𝑓𝑠 = 3180𝐻𝑧 . To achieve 
a time constant 𝜏𝑖 = 0.5 𝑚𝑠, according to (5.24) and (5.25) the PI compensator constants 
must be 𝑘𝑝 = 0.2 , 𝑘𝑖 = 6 . Hence, based on (5.21) the controller has the expression 
𝑘𝑑(𝑠) =
0.2𝑠 + 6
𝑠
 . 
The model of Fig. 5.10 has been simulated with these values and with the following 
commands: Initially,  𝑃𝑠𝑟𝑒𝑓 = 0 and 𝑄𝑠𝑟𝑒𝑓 = 0 , which permits the PLL to reach its steady-
state; at t = 0.5s, 𝑃𝑠𝑟𝑒𝑓 is set to 3MW and 𝑄𝑠𝑟𝑒𝑓 is maintained at zero; and finally at t = 1s 
𝑃𝑠𝑟𝑒𝑓 continues at 3MW but 𝑄𝑠𝑟𝑒𝑓 is set to 1.5Mvar. 
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For ease of clarity and precision, the results are displayed separately for t = 0.5s and t = 
1s. 
Results for t = 0.5s , 𝑷𝒔𝒓𝒆𝒇 set to 3MW , 𝑸𝒔𝒓𝒆𝒇 = 𝟎: 
 
FIGURE 5.11   Dynamic response of a current-controlled VSC. 
From the graphs of Figure 5.11 the direct relation between power 𝑃𝑠  and the current 𝑖𝑑 
can be easily observed, as a result of the control implemented. 𝑄𝑠  and 𝑖𝑞  react to the 
variation of 𝑖𝑑 due to the term 𝐿𝜔0𝑖𝑑 of q-axis in control loop and AC-dynamics, although the 
controller force 𝑖𝑞 and consequently 𝑄𝑠 to their reference value 0. As shown in the graphs, 
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the attainment of the steady-state for 𝑄𝑠 is significantly slower than for 𝑃𝑠 . The reason is that 
whereas in d-axis loop the variation of 𝑖𝑑  is directly processed by 𝑘𝑑(𝑠)  , in q-axis is 
detected after 𝑘𝑞(𝑠) and the effect is carried to the VSC until the measured 𝑖𝑞 is processed. 
According to voltages, 𝑉𝑡𝑑𝑞 is the output of the current controller. The peak of  𝑉𝑡𝑑 is 
generated by the compensator 𝑘𝑑(𝑠)  after tracking the 𝑖𝑑 error 𝑒𝑑 (Fig.5.12), whereas 𝑉𝑡𝑞 
varies due to the term 𝐿𝜔0𝑖𝑑 of the control loop. It should be pointed out that the PLL does 
not force  𝑉𝑡𝑞 to zero, since the angle of  𝑉𝑡 is different to the angle of  𝑉𝑠 . 
 
FIGURE 5.12   Dynamic response of the current controller. 
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As mentioned before, in the model of Fig. 5.10  𝑉𝑡𝑑𝑞 =  𝑚𝑑𝑞 , as is observed comparing 
their graphs, respectively, in Figures 5.11 and 5.12. According to the inputs 𝑒𝑑  , 𝑒𝑞  and 
outputs 𝑢𝑑  , 𝑢𝑞  of the compensators 𝑘𝑑(𝑠)  and 𝑘𝑞(𝑠) ; whereas in the d-axis loop 𝑢𝑑  is 
inactive until t = 0.5s, in q-axis 𝑢𝑞 = 10.8𝑉 , which is the correction of the error committed by 
assuming  𝑉𝑠𝑞 =  0. This leads to a gap in the steady-state of 𝑒𝑞 of -20A. However, the term 
𝐿𝜔0𝑖𝑑 compensates this error and 𝑄𝑠 is maintained at zero. 
Results for t = 1s , 𝑷𝒔𝒓𝒆𝒇 = 𝟑𝐌𝐖, 𝑸𝒔𝒓𝒆𝒇 is set to 𝟏. 𝟓𝐌𝐯𝐚𝐫 : 
 
FIGURE 5.13   Dynamic response of a current-controlled VSC (2). 
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Figure 5.13 points out the relation of inverse-proportionality between power 𝑄𝑠  and the 
current 𝑖𝑞. Analogously to 𝑄𝑠 and 𝑖𝑞 at t=0.5s;  𝑃𝑠  and 𝑖𝑑 react to the variation of 𝑖𝑞 due to 
the term 𝐿𝜔0𝑖𝑞 of the d-axis control loop, although the controller force 𝑖𝑑 and consequently 𝑃𝑠 
to their reference values. Similarly, the attainment of the steady-state for 𝑃𝑠 is significantly 
slower than for 𝑄𝑠   as well, since in q-axis loop the variation of 𝑖𝑞  this time is directly 
processed by 𝑘𝑞(𝑠) , while in d-axis is detected after 𝑘𝑑(𝑠) and the effect is carried to the 
VSC until the measured 𝑖𝑑 is processed. 𝑉𝑡𝑞 is a combination of the signals 𝑢𝑞 and 𝑖𝑑 , as 
the contribution of the term 𝐿𝜔0𝑖𝑑 is significant . 𝑉𝑡𝑑 increases by means of  𝑢𝑑   (Fig. 5.14) .  
 
 
FIGURE 5.14   Dynamic response of the current controller (2). 
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As observed in Fig. 14, the responses of the compensators 𝑘𝑑(𝑠), 𝑘𝑞(𝑠) are inverted 
compared to the responses at t = 0.5s. At t = 1s 𝑒𝑞 has a peak due to the change of 𝑄𝑠𝑟𝑒𝑓, 
but then is tracked to its stable value of -20A. By contrast, since 𝑖𝑞 has this small offset in 
steady-state due to the error of the PLL, 𝑒𝑑 also carries a gap due to the term 𝐿𝜔0𝑖𝑞 in the d-
axis loop, about -10A. However, the compensator output 𝑢𝑑 compensates this effect such as 
𝑃𝑠 tracks exactly 𝑃𝑠𝑟𝑒𝑓 = 3𝑀𝑊. 
 
5.5. DC-Voltage Controller 
The models from 5.1 – 5.4 are realized omitting the DC-side of the VSC, since the DC-
Voltage is assumed to be a constant value. However, in power applications the converter 
itself has to regulate this voltage since is connected to a power source, in this case the 
rectified DC-power of a wind turbine. The power source does not provide a constant voltage; 
therefore a DC-voltage controller [28] has to be implemented and the DC-side of the VSC 
has to be included to the model. The output of this controller determines 𝑃𝑠𝑟𝑒𝑓 for the current 
controller of section 5.4.  The scenario is represented by Figure 5.15. 
 
FIGURE 5.15   Simulink model a current-controlled VSC. 
In the model given by Fig. 5.15 there is a clutch difference compared to the model of Fig. 
5.10, which is that the commands 𝑚𝑎 , 𝑚𝑏 and 𝑚𝑐 vary from -1 to 1, as they are scaled by 
the DC voltage, since the VSC was considered a controlled voltage source. 
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(5.27) 
(5.28) 
(5.29) 
(5.26) 
The voltage at the AC-side is 
𝑉𝑡𝑎𝑏𝑐 = 𝑚𝑎𝑏𝑐
𝑉𝐷𝐶
2
 . 
Since the modulating signal 𝑚𝑎𝑏𝑐 varies from -1 to 1, the DC-voltage necessarily has to be 
𝑉𝐷𝐶 ≥ 2𝑉𝑡. The voltage at PCC selected for the VSC studied in the thesis is 𝑉𝑠 = 690𝑉 , and 
assuming a steady-state 𝑉𝑡 = 750𝑉 , necessarily 𝑉𝐷𝐶 ≥ 1500𝑉 ; but considering possible 
higher values of 𝑉𝑡 in transients, the margin has been increased 1000V, resulting to 𝑉𝐷𝐶 =
2500𝑉. 
The DC-side circuit of the VSC is modelled as a current source with a parallel capacitor. The 
capacitor provides a continuous voltage, which is controlled by the DC-voltage controller; 
provoking the DC-power 𝑃𝐷𝐶 to be determined by the current 𝑖𝐷𝐶 , as expressed in (5.27): 
𝑃𝐷𝐶 = 𝑉𝐷𝐶𝑖𝐷𝐶 . 
 
Since an ideal VSC is considered, there is no power loss through the converter. Therefore it 
must be satisfied 
𝑃𝑡 = 𝑃𝐷𝐶 − 𝑃𝑐  , 
where 𝑃𝑐 is the power at the capacitor 
𝑃𝑐 =
1
2
𝐶
𝑑𝑈𝑐
2
𝑑𝑡
 , 
where 𝑈𝑐 is the voltage at the capacitor and is analogous to 𝑉𝐷𝐶. Note that if 𝑃𝑐 is zero, then 
𝑃𝑡 = 𝑃𝐷𝐶  ; but 𝑃𝑐 is zero only if 𝑈𝑐 is a constant value. Since the DC-voltage controller has 
to provide 𝑃𝑠𝑟𝑒𝑓 to the current controller, it is more accurate to regulate 𝑈𝑐
2 rather than 𝑈𝑐 . 
To ease the implementation of the DC-voltage controller it has been assumed that 𝑃𝑠 ≅ 𝑃𝑡 . 
This leads to the following control loop: 
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(5.30) 
(5.31) 
(5.32) 
(5.33) 
 
FIGURE 5.16   Simulink model the DC-Voltage controller. 
 
To ease the description of the DC-system dynamics, it has been referred to Laplace 
domain. Recycling the expression (5.23) 
𝐼𝑑(𝑠)
𝐼𝑑𝑟𝑒𝑓(𝑠)
= 𝐺𝑖(𝑠) =  
1
𝜏𝑖𝑠 + 1
 , 
since 𝑃𝑠 and 𝑃𝑠𝑟𝑒𝑓 are proportional to 𝑖𝑑 and 𝑖𝑑𝑟𝑒𝑓 , the closed loop function of 𝑃𝑠 is 
 
𝑃𝑠(𝑠)
𝑃𝑠𝑟𝑒𝑓(𝑠)
= 𝐺𝑝(𝑠) = 𝐺𝑖(𝑠) =  
1
𝜏𝑖𝑠 + 1
 , 
The DC-voltage dynamics are widely described in [32] and [28], and can be written in terms 
of 𝑃𝑠 converting the expression (5.28) into 
 
𝑑𝑈𝑐
2
𝑑𝑡
=
2
𝐶
𝑃𝐷𝐶 −
2
𝐶
[𝑃𝑠 +
2𝐿𝑃𝑠0
3𝑉𝑠𝑑
2
𝑑𝑃𝑠
𝑑𝑡
] +
2
𝐶
[
2𝐿𝑄𝑠0
3𝑉𝑠𝑑
2
𝑑𝑄𝑠
𝑑𝑡
] , 
where the subindex 0 represents the steady-state value. Applying the Laplace transform to 
(5.31) and rearranging we obtain the transfer function 
𝑈𝑐
2(𝑠)
𝑃𝑠(𝑠)
= 𝐺𝑣(𝑠) =  −
2
𝐶
𝜏𝑠 + 1
𝑠
 , 
where  
𝜏 =
2𝐿𝑃𝑠0
3𝑉𝑠𝑑
2  . 
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(5.34) 
(5.35) 
Hence, the plant has a zero at = −1/𝜏 , which has a detrimental impact on stability that must 
be taken into account in the design of the compensator. Figure 5.17 illustrates the closed-
loop diagram of the control. 
 
FIGURE 5.17   Closed-loop diagram of the DC-Voltage controller [28]. 
 
5.5.1. Compensator design 
The compensator 𝐾𝑉(𝑠) in Fig. 5.17 is multiplied by -1 to compensate for the negative 
sign of 𝐺𝑝(𝑠). This compensator [28] must include an integral term to achieve zero steady-
state error and a lead function with a zero to avoid the plant phase lag and ensure stability 
and an adequate phase margin. Looking forward to that, the gain crossover 𝜔𝑐 is selected to 
be smaller enough than the bandwidth of 𝐺𝑝(𝑠), to correctly assume that 𝐺𝑝(𝑗𝜔𝑐) ≈ 1 + 𝑗0 . 
Typically is chosen 5-10 times smaller. 
For the VSC considered throughout the thesis, 𝑉𝑠 = 690𝑉, 𝜔0 = 314 𝑟𝑎𝑑/𝑠, 𝑅 = 3𝑚𝛺,
𝐿 = 100𝜇𝐻,  and converter frequency 𝑓𝑠 = 3180𝐻𝑧 . For a capacitor = 1000𝜇𝐹  , and time 
constant 𝜏𝑖 = 0.5 𝑚𝑠 for 𝐺𝑝(𝑠): 
𝐺𝑝(𝑠) =
2000
𝑠 + 2000
 . 
Since the bandwidth of the plant is 2000, the gain crossover frequency has to be 
selected for example at 𝜔𝑐 = 200 𝑟𝑎𝑑/𝑠. The loop gain is 
𝑙(𝑠) = −𝐾𝑉(𝑠) 𝐺𝑝(𝑠)𝐺𝑣(𝑠), 
where 𝐾𝑉(𝑠) has the form 
𝐾𝑉(𝑠) = 𝑁(𝑠)
𝑘0
𝑠
 , 
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(5.36) 
(5.37) 
(5.38) 
(5.39) 
(5.40) 
where 𝑘0 is a constant gain and 𝑁(𝑠) is a lead function with no zero at 𝑠 = 0 . Substituting 
for 𝐾𝑉(𝑠) and  𝐺𝑣(𝑠) in (5.34) from (5.35) and (5.32) respectively, we obtain: 
𝑙(𝑠) =  𝑁(𝑠)𝑘0
2
𝐶
𝜏𝑠 + 1
𝑠2(0.0005𝑠 + 1)
 . 
|𝑁(𝑠)| is determined to be 0, therefore to achieve |𝑙(𝑗200)| = 1 , 𝑘0 must be 20. The lead 
function or filter has the following form: 
𝑁(𝑠) = 𝑛0
𝑠 + 𝑝/𝛼
𝑠 + 𝑝1
 
where 𝑝 is the filter pole,  𝛼(> 1)  is a real constant, and 𝑛0 is the gain. The phase margin of 
the filter is given by 
𝛿𝑚 = 𝑠𝑖𝑛
−1
𝛼 − 1
𝛼 + 1
 , 
corresponding to the frequency 
𝜔𝑚 = 𝜔𝑐 =
𝑝
√𝛼
 . 
If the desired phase margin ∠ 𝑁(𝑗200) = 75º , then the system is solved with 𝛿𝑚 = 75º , 
|𝑁(𝑗200)| = 1 and 𝜔𝑚 = 𝜔𝑐 , resulting in  
𝑁(𝑠) = 7.58
𝑠 + 26.28
𝑠 + 1516
 . 
Substituting 𝑁(𝑠) in (5.34) the compensator is 
𝐾𝑉(𝑠) = 151.6 
𝑠 + 26.28
𝑠(𝑠 + 1516)
 . 
 
5.5.2. Simulation results 
The simulation of the model given by Fig. 5.15 has been realized for the same values of 
section 5.4.2 and the additions of 𝐶 = 1000𝜇𝐹  and 𝐾𝑉(𝑠)  of (5.39). 𝑉𝐷𝐶𝑟𝑒𝑓  is set to be 
2500V. 
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As done in 5.4.2, for the sake of accuracy and visualization, the results for different 
events are presented separately. The simulation events are: Initially,  𝑃𝐷𝐶 = 0 and 𝑄𝑠𝑟𝑒𝑓 = 0.  
At t = 1s a constant power of 3MW is injected to the DC-side circuit, while 𝑄𝑠𝑟𝑒𝑓 = 0 . At         
t = 3s 𝑄𝑠𝑟𝑒𝑓 is set to 1.5Mvar, and the power source continues supplying 3MW. 
Results for t = 1s , power injected 3MW , and 𝑸𝒔𝒓𝒆𝒇 = 𝟎 :
 
FIGURE 5.18   Voltages and currents when the DC-Voltage controller is in service. 
As observed from Fig. 5.18  𝑖𝐷𝐶 is a step resulting from the change in power injection, 
such a variation in 𝑃𝐷𝐶 causes 𝑉𝐷𝐶 to raise, but the controller reacts fast limiting the peak 
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and forcing the voltage to 2500 again. Compared to Fig 5.11 and Fig. 5.12, Fig 5.18 and Fig. 
5.19 show the negative impact in stability of the DC-bus dynamics. 
 
FIGURE 5.19   Power and control signals when the DC-Voltage controller is in service. 
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The modulating signal 𝑚𝑑 suffers a peak at the upper limit 1, which is also carried by 𝑉𝑡𝑑. 
As Fig. 5.19 represents, the compensator 𝐾𝑉(𝑠) tracks 𝑒𝑉 to zero. Its output 𝑢𝑉 reflects the 
power loss at the RL-branch, and is carried to 𝑃𝑠  , which reaches steady-state value of 
2.96MW, about 1,3% less than 𝑃𝐷𝐶 , of 3MW. 
Results for t = 3s , power injected 3MW , and 𝑸𝒔𝒓𝒆𝒇 = 𝟏. 𝟓𝑴𝒗𝒂𝒓: 
 
FIGURE 5.20   Voltages and currents when the DC-Voltage controller is in service (2). 
In t = 3s , the variation of 𝑄𝑠 affects to 𝑃𝑠 , which causes the reaction of 𝑃𝐷𝐶 and 𝑉𝐷𝐶 to 
ensure the real power balance . The compensator tracks 𝑒𝑉 to zero and provides the control 
output 𝑢𝑉  (Fig. 5.21). The modulating signal 𝑚𝑑 increases to satisfy the higher demand of 
total power. 
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FIGURE 5.21   Power and control signals when the DC-Voltage controller is in service (2). 
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5.6. Frequency Controller 
All the models from sections 5.1 – 5.5 are realized based on the assumption that the AC-grid 
is balanced and robust, with a constant amplitude, phase and frequency. A real collection 
grid, however, is a dynamic system and its parameters can vary during its operation. Since a 
voltage drop is taken into account in the expressions of 𝑖𝑑𝑟𝑒𝑓  and 𝑖𝑞𝑟𝑒𝑓  described, 
respectively, by (5.17) and (5.18); its effect is exactly the same as a change in power 
command, which has been widely described in the simulations of sections 5.4.2 and 5.5.2. 
The phase is tracked by the PLL; therefore a phase variation does not challenge the 
operability of the VSC. Nevertheless, in reference to the frequency or an imbalance the 
scenario is different. The procedure design for an unbalanced three-phase system is too 
complex for the aim of the thesis, thus it will not be included. The case of frequency, however, 
has to be considered, since a specific requirement of the converter is to control the frequency 
of the grid by means of power injection. Facing a decrease in the power load, if there is too 
much power supplied, even for a brief period of time, the frequency raises; in this case the 
converter has to reduce power to decrease the frequency [33]. This situation has been 
simulated in section 5.6.2. 
In the scenario of Figure 5.22, the grid has been modeled as a controlled voltage source 
conditioned by the power injected to the system. The control signals 𝑐1 , 𝑐2 , 𝑐3 represent the 
grid voltage; by modifying these signals a frequency deviation can be simulated. They also 
carry the effect of the power regulation from the frequency controller. 
 
FIGURE 5.22   Simulink model of a controlled-frequency VSC. 
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(5.41) 
(5.42) 
5.6.1. Compensator design 
As explained in Chapter 2, there is no mathematical expression to determine the relation 
between the power supplied by the converter and the grid frequency. The grid code of the 
Grid of TenneT TSO GmbH [33], specify a power reduction of 40% for each Hz above 50.2 
during overfrequency, limiting the response to a maximal frequency of 52.7 Hz. In the model 
of the VSC of this thesis an analogous strategy has been implemented, only replacing the 
reference point at 50 Hz instead of 50.2 Hz, and settling the limit at 52.5 Hz instead of 52.7 
Hz. The structure of the controller is illustrated by Figure 5.23. 
 
FIGURE 5.23   Simulink model of the frequency controller. 
It is observed from the scheme of Fig. 5.23 that the state variable is obviously the 
frequency  . The control variable selected is ∆𝑃𝐷𝐶 , which is added to 𝑃𝐷𝐶𝑟𝑒𝑓 resulting into 
𝑃𝐷𝐶′𝑟𝑒𝑓 , the power injected at the DC-side of the VSC. 𝑃𝐷𝐶′𝑟𝑒𝑓  is then divided by 𝑉𝐷𝐶 
resulting into 𝑖𝐷𝐶𝑟𝑒𝑓, which is the input of the current source of Figure 5.22. The expression 
of the compensator is given by (5.41). 
∆ 𝑃𝐷𝐶 = 20 𝑃𝐷𝐶𝑟𝑒𝑓
50 − 𝑓
50
 , 
which is equivalent to a proportional compensator, where 
𝑘𝑝 =
∆ 𝑃𝐷𝐶
𝑒𝑓
= 0.4 𝑃𝐷𝐶𝑟𝑒𝑓 . 
As discussed previously in the section, the relation between the increase of active power 
and the grid frequency does not follow a deterministic expression. In this thesis it has been 
considered that the power-to-frequency dynamics can be described in Laplace domain as a 
second order system given by (5.43). 
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(5.43) 
1
𝑠(0.2𝑠 + 0.05)
 . 
The values in (5.43) have been chosen to resemble a robust system to provide a realistic 
response in the simulation. The resulting closed-loop scheme is represented by Figure 5.24. 
 
FIGURE 5.24   Closed-loop diagram of the frequency controller. 
 
5.6.2. Frequency response 
The model represented by Fig. 5.22 has been simulated for the same values as those 
from the sections 5.4.2 and 5.5.2. The simulation events are: Initially,  𝑃𝐷𝐶𝑟𝑒𝑓 = 0  and 
𝑄𝑠𝑟𝑒𝑓 = 0 . At t = 1s, the power injected to the DC-side is set to 3MW, whereas 𝑄𝑠𝑟𝑒𝑓 = 0 . 
At t = 3s , 𝑄𝑠𝑟𝑒𝑓 is set to 1.5Mvar while 𝑃𝐷𝐶𝑟𝑒𝑓 = 3𝑀𝑊. Finally, at t = 5s the grid suffers a 
step input in frequency from 50 to 51Hz.  
 
FIGURE 5.25   Overview and detailed view of the measured frequency of the PLL. 
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FIGURE 5.26   Waveforms of voltages, power and modulating signal of a frequency-controlled 
VSC. 
Figures 5.25 and 5.26 represent the frequency response of the VSC, illustrated by its 
main variables. The first idea to be pointed out is, as shown in the frequency graphs of Fig. 
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5.5, the frequency controller is active from t = 1s, according to the instant in which 𝑃𝐷𝐶𝑟𝑒𝑓 ≠
0. Another feature to be extracted from the response of the frequency controller is that it is 
slightly affected by the change of 𝑄𝑠  at t = 3s, this occurs despite the frequency being 
controlled by means of the active power loop, due to the term 𝐿𝜔0𝑖𝑞 in the control loop and 
AC-circuit dynamics. At t = 5s the peak of frequency is tracked and forced to 50 Hz by power 
reduction. Since the closed-loop of the frequency described by Fig. 5.24 is a 3rd order system, 
the response is significantly slower than the other no-frequency-depending magnitudes (in 
terms of amplitude), such as voltages and the modulating signals. 
Focusing in power, firstly it is observed that the frequency controller does not alter the 
dynamic response provide by the simulations in sections 5.4.2 and 5.5.2. Since their 
magnitudes depend on frequency, their response at t = 5s becomes noticeably slower. The 
specification in power reduction overfrequency is accomplished, since 𝑃𝐷𝐶  is reduced by 
≈ 33% at the maximal frequency of 50.8Hz, which represents a 41% referred to a 1Hz 
variation. Finally it should be pointed out that the steady-state values of the variables are not 
affected by the frequency variation. 
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6. Conclusions 
 
Throughout the thesis, an overview to the operation of offshore WPP has been 
presented; firstly illustrating the entire HVDC system and afterwards detailing the VSC as a 
key component.  
The complete design methodology of a VSC has been revealed, detailing the issues to 
be solved and the necessary features to achieve, and also selecting the devices and the 
schemes to be implemented to do so. Furthermore, the modeling of the VSC and the 
simulation results have been provided. 
According to simulation, some of the VSC-based HVDC advantages and requirements 
have been tested in Chapter 5, such as the independent control of the active and reactive 
power, the constant DC-voltage set and the frequency response facing an imbalance 
between power generation and consumption. The results obtained prove that these 
characteristics of the VSC technology are satisfied. 
This thesis can be used as a means to submerge in the technological scope of the 
offshore wind power, as a base point for future work on VSCs or it can be extended to the 
design and simulation of VSC-HVDC systems. 
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